ABSTRACT Important kinetic information of voltage-operated ion channels can be obtained by estimating the open probability, the availability, and the first latency, and by applying run analysis. In the case of multichannel patches, estimation of the number of available channels is a prerequisite for the above analysis. Here we describe a method for calculation of the a posteriori probability of the number of available channels in each sweep by using the Bayes formula. This probability serves as a measure for the number of channels and allows for first latency determination and run analysis. The methods described were applied to simulated and experimental data obtained from L-type Ca2+ channel recordings.
INTRODUCTION
Ion channels play a major role in the transduction of biological processes. The membrane potential controls the function of voltage-operated channels, which open in a stochastic way, often described by a hidden Markov model (HMM) (Colquhoun and Hawkes, 1981; Chung et al., 1990) . A depolarizing voltage step is usually applied to activate voltage-operated channels, which are then observed for a limited time interval, defined as a sweep. The parameters of interest used to describe the behavior of a single channel are availability (P.), first latency, and open probability (po). Ps is defined as the chance to evoke channel activity after a voltage step, i.e., the ratio of sweeps showing channel activity to the total number of sweeps. First latency is the time to first channel opening in a sweep, and po represents the average time the channel is open. Furthermore, Ps has often been found to be clustered, which means that sweeps showing channel activity and those lacking activity are clustered in time. Such an activity pattern is examined by means of a run analysis (Horn et al., 1984; Sigworth and Zhou, 1992) , which is a test based on the null hypothesis that "the probability to find channel activity in a sweep is independent of the channel's availability in the previous sweep." Calculation of the above parameters in experiments with a single channel can easily be performed, whereas in multichannel experiments analysis is much more complicated. As channel clustering is often found in cells, giving rise to multichannel recordings, a sophisticated analysis is required to resolve single-channel characteristics from multichannel data. One major task in the analysis of those data is the estimation of the number of channels. Estimation of the total number of channels in a patch employing several estimators has been carefully discussed (Horn, 1991) , whereas determination of the number of available channels in each sweep is apparently more problematic (Sigworth and Zhou, 1992) . Although the aforementioned estimators could be adapted for estimation of the number of channels in a sweep, the results are rather poor, as will be shown below.
Here we present a method to calculate the a posteriori probability for the number of available channels in a sweep and show its application to first latency determination and run analysis. Analysis of simulated as well as experimental data of L-type Ca21 channels is demonstrated.
THEORY AND METHODS General
The data are represented in digitized form, i.e., they are stored as individual sampling points. Without loss of generality we set the sampling time and the single-channel amplitude to 1. All calculations and simulations were carried out using MatLab Version 4.2c.1 (MATH WORKS Inc., Natick, MA) on a PC486-100. The electrophysiological experiments have been performed as described (Schmid et al., 1995; Hofer et al., manuscript submitted for publication). Single-channel data were idealized by using a t-test step detection algorithm Schindler, 1993, 1996) .
Determination of the total number of channels, their availability, and their open probability
The total number of functional channels N in a membrane patch, their availability Ps and their open probability p0 are essential parameters for calculation of the number of available channels per sweep, which will be shown in the next section. A maximum likelihood estimator has been recently established for the determination of N, Ps. and p0 (Schmid et al., 1995) . Hence it will be referred to as p0-Ps estimation and will be briefly described.
The following assumptions are made: 1. The channels are identical and behave independently. 2. The total number of channels remains constant. 3. The process regulating channels' opening and closing behavior is distribution ergodic with respect to the number of sampling points in each conductancy level (no inactivation).
The variables are defined as: ni, available channels in the ith sweep; tik, number of sampling points in conductancy level k and sweep i; Ti, vector of tik for sweep i; T, matrix of all tik; T, number of sampling points in a sweep; M, number of sweeps; A, single-channel amplitude.
Because of assumptions 1 and 2, the probability of finding an arbitrary sampling point of the ith sweep in the kth conductancy level may be described by a binomial distribution with the parameters ni and open probability p0. Because of assumption 3, the elements of Ti comprising one sweep obey a multinomial distribution with the probability for Ti, given ni and po, Pr(Tjni,po) {hP [(k (Schmid et al., 1995; Groschner et al., 1996) .
To 
Thus the probability for nmax is
The theoretical distribution Pr(nmn,) can be compared with the empirical distribution using the x2 test (Papoulis, 1991) with N -2 degrees of freedom (if N > 2). Pr(y(t)jn) . Pr(n)
The a priori probability for n available channels in a sweep, given the availability P. and the total number of channels N, as determined by po-P, estimation described in the previous section, obeys a binomial distribution n:B(N, Pj) > Pr(n) = ( PS) * pfl * (1-p)N* (7) If the gating mechanism is known and corresponds to a Markov process, and if the matrix of transition probabilities is also known, the conditional probability Pr(y(t)In) may be calculated by using Kolmogoroff s forward equation (Kolmogoroff, 1931 Eni and variance VT/n, leading to
With n-dependent parameters,
Using Pr(n|n) instead of Pr(y(t)jn), it is possible to calculate the a posteriori probability Pr(njy(t)) (actually Pr(nln)) as defined above in Eq. 6. The remaining problem is the determination of En, and Vfi, which will be shown below.
Indirect method for calculation of the a posteriori probability of the number of channels per sweep
The variance and the expected value of -n are easy to find using the autocorrelation function Ryy(r) of y(t) (see Appendix). As we use only RYY(r), the method is rather insensitive to errors in model assumptions. IlPo. Insertion of Eq. 14 in Eq. 12 leads finally to Pr(hln).
Direct method for calculation of the a posteriori probability of the number of channels per sweep
For the case where assumptions 1 and 2 about ergodicity and stationarity are strongly violated, a second approach was developed that is applicable to experiments with >300 sweeps exhibiting channel activity. In this case, the ,B-distributions for Pr(i/nln) could be fitted directly by using a maximum likelihood approach. This is possible because the 13-distribution was found to be an excellent approximation for Pr(n/njn) in the case of identical and independent channels lacking excessive moding. The log-likelihood function for one sweep is L(n|E(n), Ps. Var(i)) = E log [Pn) 13a(n),b(n) (15) Maximizing the sum of the L(ni [, Ps, Vn) values obtained from all sweeps leads to estimators for En (= PO), P., and Vn. These values are used to calculate Pr(n|n) as described above, leading to the a posteriori probability Pr(nly(t)). This method is referred to as direct method, because the parameters po, Ps, and V. were fitted directly to the experimental data, whereas the indirect method used the mean open time and required a kinetic assumption. To obtain good computational performance it was found convenient to use the values obtained from the po-Ps estimation and the indirect method as start values for the direct method.
Maximum likelihood estimator for the first latency
If standard kinetic assumptions are made, the first latency is multiexponentially distributed (Sigworth and Zhou, 1992) . If the patch contains only one channel, the times to the first opening t, obey to the complementary distribution function Pr(tlIi) = Ecj * e-(t'ri) with Ec = 1, (16) for given parameter vector i#, which is i~Y=(CI C2 .. . T T2 *..) (17) In the case of n identical and independent channels, the complementary distribution function for t1 follows as (Aldrich et al., 1983) Pr(t1I,n)= [cj * etv n r i ) J where cj = 1. (18) As we do not exactly know n, we have to deal with the a posteriori probability for n, yielding Pr(t1 e) = E Pr(t It 1, n) * Pr(njy(t)).
(19) n Maximizing the probability for all observed t1 values yields the maximum likelihood estimator for the first latency according to the method of Sigworth and Zhou (1992) . To obtain for comparison the empirical distribution function of first latency, one must multiply the found first latencies in each sweep by the most likely value of n calculated for each sweep by N (n) = E n * Pr(nly(t)).
n=O (20)
With the probability for assignment, 
with This is correct for one time constant and yields a good approximation for two time constants. The multiexponential time distribution calculated by the maximum likelihood estimator can then be verified by comparison with the empirical distribution function.
In the case of short sweeps and rather long first latencies, one has to deal with two sided censored data. Thus Pr(t,I , n) must be calculated as described (Colquhoun and Sigworth, 1995 (Horn, 1991) .
In contrast to our described method for calculating Pr(n|y(t)), the GC estimator requires independent sampling points. Therefore, the GC estimators were calculated using sampling points with a distance more than the correlation length dependent on open and closed times (Liebovitch and Fischbarg, 1985) . This led to rather small sample sizes (5-20 for sweeps with 2000 sampling points), resulting in large errors in the estimation of available channels per sweep (n), as already described by Horn (1991) . Nevertheless, it is worthy of note that the Bayesian estimators GC(a, (3) are very useful for calculation of the total number of channels (N) in the patch.
RESULTS
The methods described in the previous section were put to a test employing simulated data as well as original recordings obtained from L-type Ca2+ channels. Simulations were carried out using different kinetic models for ion channels to evaluate the described methods. Fig. 1 . Typical sweeps with different numbers of available channels can be seen in Fig. 1 A. Although N = 5, the maximum number of simultaneously overlapping channels in all 140 sweeps was 3. Application of the described po-P5 estimation (Schmid et al., 1995) to calculate the posterior probability Pr(nly(t)) of the number of available channels, as exemplified in Fig. 1 B for each sweep in Fig. 1 A. It should be noted that the a posteriori probability is calculated for each possible channel number in a sweep. A diary plot of Pr(njy(t)) can be seen in Fig. 1 C, and a comparison of the simulated number of channels and the most likely number of channels calculated according to Eq. 20 is shown in Fig. 1 D. Pr(njy(t) ) was then used for the first latency (T) determination, yielding the empirical and calculated distribution function as shown in comparison to the programmed distribution function (Fig. 1 E) . Com Then 149 artificial multichannel data were created by adding four independent sweeps (sweep 1 + sweep 150 + sweep 299 + ... ). This produces data with a known number of channels per sweep. Analysis of example 2 is presented in Fig. 2 . A representative set of artificial multichannel sweeps is depicted in Fig. 2 A, with the corresponding a posteriori probability Pr(nly(t)) in Fig. 2 B. A diary plot of Pr(nly(t)) is depicted in Fig. 2 C, and a comparison of the known numbers of available channels and the most likely number of channels is given in Fig. 2 D. Our results, together with those obtained by the other estimation methods, are listed in Table 2 . Clustering of channel activity is unlikely in this example, as is evident from a calculated for known n and consistently found using the direct method or the MAX estimator. The remaining estimators yielded false results.
In the examples presented so far, all assumptions made for the indirect method were approximately fulfilled. The direct method as described below should not be used for these examples, as only 140 or 149 sweeps were available.
Example 3
As a third example we simulated 500 sweeps using the following kinetic scheme with two closed states and an inactivated state: Channel availability was set to Ps = 0.5, although in contrast to the first example, no slow gating was programmed, i.e., the number of available channels is not correlated between neighbored sweeps. If the channel is available, it starts in state Cl. Analysis of example 3 is presented in Fig.   3 . Representative sweeps are depicted in Fig. 3 Fig. 1 , calculated for a known number of available channels (n) in each sweep with those obtained by the indirect method, the MAX estimator, and the GC(1,1) and GC(1,9) estimators Results are from data as shown in Fig. 1 , corresponding to the kinetic scheme C = 0.
an ensemble average current with an inactivation of about 95%, as shown at the bottom. Such a strong inactivation would clearly violate assumption 3 made for the indirect method favoring application of the direct method. The
Pr(nly(t)) for each sweep in Fig. 3 A is shown in Fig. 3 B, employing the direct and indirect (dashed line) method. A diary plot of the programmed number of channels per sweep is given in Fig. 3 C. Comparison of this programmed number of channels with that calculated by the different estimators is shown in Fig. 3 D . Specifically, the difference between the programmed and the calculated value is depicted. "Traces" with small deviations equally distributed around zero represent estimations of channel numbers close to the programmed ones, indicating that the direct method (DM) yields the best result. Table 3 shows a comparison of the results obtained by the different estimators. It is clearly evident that the direct and indirect methods yielded more accurate results than the other estimators.
DISCUSSION
The indirect and direct methods presented in this study allow for estimation of the number of available channels in individual depolarizations of a multichannel experiment. Moreover, we demonstrate that these methods can be used for a reasonable determination of first latency distribution as well as for run analysis. A comparison with three standard estimators shows that the described methods lead in most cases to more accurate results. Multichannel data are often obtained because of substantial clustering of ion channels in most physiological systems. The described methods allow for analysis of ion channel kinetics from such recordings. Microheterogeneity in the channels leading to violation of assumption 1 (Dabrowski et al., 1990 ) and excessive moding (Hess et al., 1984) of channel activity might produce errors in the estimation of the number of channels in our methods as well as the other estimators (Horn, 1991) . Nonetheless, multichannel data from L-type Ca2+ channel recordings have been successfully analyzed by the po-Ps estimation (Schmid et al., 1995) as well as the methods developed here (Hofer et al., manuscript submitted for publication). Furthermore, the applicability, by using simulated data based on a variety of different kinetic models. Analysis of kinetic schemes such as (Schmid et al., 1995) is initially performed. In the case of strong inactivation, the total number of channels N should be determined by the GC(a, ,B) estimator. These parameters are then used by the indirect method to calculate the a posteriori probability of the number of channels in each sweep. The direct method can be applied in any case provided that more than about 300 sweeps are recorded and will yield more accurate results. The a posteriori probabilities are then used for determination of first latencies as well as for run analysis and may be employed for any further analysis.
Advantage and disadvantage of different estimators
The MAX estimator is biased, as nMAX is always smaller than or equal to the real number of available channels in a sweep. This effect is dominant in the case of small open probability (' 10%), which impairs further analysis. Use of the GC estimators is limited because of the requirement of independent sampling points. If the correlation length of channel gating is long compared to the sweep length, the number of sample points in each sweep used by the GC estimators is low. This results in large deviations in the calculated number of available channels, as evidenced in Fig. 3 D. One further disadvantage of the standard methods in comparison to the indirect and direct methods is that they determine only one "optimal" value for the number of described methods were carefully tested to examine their channels in a sweep, whereas our methods calculate a prob- number of channels found using the indirect method (IM), the direct method (DM), the MAX estimator, the GC(1, 1) estimator, and the GC(1, 14) estimator.
Knowing the autocorrelation function of the process underlying y(t), one can calculate the autocorrelation function of fi (Papoulis, 1991 Typical data are shown in Fig. 3 , corresponding to the kinetic scheme Cl = O C2 -I.
* Applying the pi-P, estimation to this example yielded no optimum for the log-likelihood function at N = 5; it increased for higher N as expected, because of the violation of assumption 3. Not surprisingly, the x2 test rejected every possible N, rendering it indistinguishable, whether there were 4, 5, or 6 channels in the patch. Nevertheless, using the values obtained from the po-Ps estimation, one can set up a GC(1,27) estimator for the total number of channels, yielding N = 5.
we find the autocorrelation function of the stationary two-state Markov model to be R ( r) = p2 + po p . e (Ai +A2)T,
leading to Eq. 14.
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